Photoreflectance ͑PR͒ spectra at various temperatures and photoluminescence ͑PL͒ spectra and high-resolution x-ray rocking curve ͑XRC͒ measurements are used to investigate the band alignment, epitaxial-strain, and atomic-ordering effects in In 0.54 Ga 0.46 P 1−y N y / GaAs ͑y =0% -2.0%͒ heterostructures. The existence of additional peaks in PR spectra at higher levels of nitrogen ͑N͒ incorporation implies that the band alignment switches from type I to type II, due to the lowering of the conduction band. The electric field at the interface is determined and is discussed with the N content. Redshifts of the PR and PL peaks indicate that the band gap of InGaPN is dramatically reduced as N is incorporated. The valence-band splitting ͑VBS͒ and the spin-orbit splitting of InGaPN are obtained from PR spectra. High-resolution XRC measurements indicate that as the N content increases, the lattice mismatch and the compressive strain between the epilayer and GaAs substrate decrease while the VBS increases, which implies an increase in the degree of ordering in InGaPN caused by the transition from a cubic zinc blende structure to a ͓111͔ CuPt structure. The order parameter of InGaPN deduced from the VBS ranges from 0.256 to 0.498, indicating that the InGaPN epilayer becomes more ordered with increasing N incorporation.
I. INTRODUCTION
The material properties of III-N-V compound semiconductors, such as GaAsN, InGaAsN, and InGaPN, have been intensively studied, because a small amount of nitrogen ͑N͒ incorporation in conventional GaAs-and InP-based III-V compounds results in very large band gap bowing, 1 extensive change in conduction band offset, [2] [3] [4] and even dramatic change in the band structure. 5 It is believed that the reduction in band gap energy results mostly from the lowering of the conduction band; 6 therefore, InGaPN and InGaAsN are suitable materials for use as the emitter and collector or the base of heterojunction bipolar transistors, 7, 8 high efficiency tandem solar cells, 9 and semiconductor lasers. 10 Another interesting characteristic of InGaP is the ordering effect that is governed by growth parameters, such as growth rate, III-V ratio, substrate temperature, and substrate misorientation. 11 This ordering is caused by the transition from a disordered zinc blende structure to an ordered CuPt structure. This effect reduces the band gap, splits the valence band, and affects the optical and electronic properties of the materials. Recently, the spontaneous ordering of InGaPN has been observed by Raman spectroscopy, polarized piezoreflectance spectroscopy, and high-resolution transmission electron microscopy. 12, 13 Valence-band splitting ͑VBS͒ and spin-orbit splitting in InGaPN and a theoretical analysis of these phenomena are also reported. 14, 15 Accordingly, detailed studies of band alignment and theoretical calculations of epitaxialstrain and atomic-ordering effects in InGaPN / GaAs heterostructures are necessary and important.
This paper first describes the use of temperaturedependent photoreflectance ͑PR͒ spectroscopy to elucidate the electro-optic properties of a series of In 0.54 Ga 0.46 P 1−y N y / GaAs heterostructures. The PR spectra enable the band-gap energies, band alignment, built-in electric field, and transition energies between the confined levels of the two-dimensional electron gas ͑2DEG͒ to be accurately determined at various concentrations of incorporated N. Room-temperature photoluminescence ͑PL͒ spectra are also measured in this study to verify some results from the PR studies. The experimental results reveal that, as y ജ 0.005, the band offset of the conduction band of the heterostructures falls dramatically so that the band alignment switches from type I to type II, and a 2DEG forms at the heterostructure interface. The band offset and thus the available number of transition energies in the 2DEG increase with the N contents. In addition, both the epitaxial-strain and atomic-ordering effects in InGaPN / GaAs heterostructures are characterized by high-resolution x-ray rocking curve ͑XRC͒ measurements and PR spectra at various temperatures. The VBS and spinorbit splitting of InGaPN are obtained from the PR spectra. As the N concentration increases, the lattice mismatch ͑the compressive strain͒ between the epilayer and GaAs substrate decreases while the VBS increases, which implies an increase in the degree of ordering of InGaPN. The order parameter of InGaPN is deduced from the VBS.
II. EXPERIMENTAL PROCEDURE
In 0.54 Ga 0.46 P 1−y N y / GaAs heterostructures are grown by gas-source molecular beam epitaxy with elemental group III sources and thermally cracked arsine and phosphine ͑into arsenic and phosphorus dimers͒ as group V precursors. Reactive N radicals are produced by passing N gas through a radio-frequency plasma cell. The growth sequence involves the growth of a 0.5 m thick undoped In 0.54 Ga 0.46 P 1−y N y ͑y = 0, 0.005, 0.010, and 0.020͒ layer on a 0.2 m thick GaAs buffer layer. The growth temperature at the substrate ranges from 420 to 480°C, with N plasma ignited. The indium composition is determined by dynamical-theory simulations of the measured XRC on the InGaP calibration sample. The N compositions are determined on InGaPN samples by assuming that N incorporation does not affect indium composition. No samples are thermally annealed. All samples possess compressive strain on the GaAs buffer layer.
PL spectra are measured at 293 K with the 532 nm line of a solid-state laser serving as the excitation source. A Si photodetecor is used to detect the signal through a lock-in amplifier at the exit of a quarter meter monochromator. The standard arrangement of the PR apparatus is used. A He-Ne at 633 nm or He-Cd at 325 nm laser serves as the pumping beam. The probe beam consists of a tungsten lamp and a quarter meter monochromator combination. The detection scheme is comprised of a silicon photodetector and a lock-in amplifier. The modulated reflectance signals, ⌬R / R, are processed using the lock-in amplifier and a personal computer. The PR measurements are performed in a closed cryostat at various temperatures. A detailed description of the PR spectroscopy apparatus can be found in Ref. 16 . The XRC measurements are performed using a Bede x-ray diffractometer at 293 K. Figure 1 depicts the room-temperature PL spectra of the In 0.54 Ga 0.46 P 1−y N y samples with y = 0, 0.005, 0.010, and 0.020, respectively. As the N concentration increases, the PL intensity decreases rapidly. No PL signal is observed in the sample with y = 0.020. Additionally, the peak position shows a redshift, apparently indicating that the band-gap energy of InGaPN reduces markedly, and the full width at half maximum ͑FWHM͒ of the peak broadens considerably as well. The band-gap energies which correspond to the peak positions are 1.832, 1.786, and 1.750 eV for samples with y =0, 0.005, and 0.010, respectively. Hong et al. 17 have found no GaAs quantum well ͑QW͒ PL emission from In 0.54 Ga 0.46 P 1−y N y / GaAs/ In 0.54 Ga 0.46 P 1−y N y multiple QW when y is equal to or larger than 0.012. Two possibilities are suggested. One is that high N composition lowers the level of the conduction band so much that the energy band alignment switches from type I to type II when the N composition is higher than 1.2%; the other possibility is that higher N composition creates more nonradiative centers, thus reducing the PL intensity. As N concentration is higher than 0.012, the density of the nonradiative centers becomes sufficiently large to suppress all PL emission. They, however, are unable to determine which mechanism is dominant. To discern which mechanism is responsible for the absence of PL emission, we measure the PR spectra of a series of InGaPN / GaAs heterostructures. Figure 2 displays the room-temperature PR spectra from 1.25 to 1.60 eV for all samples. All spectra except the lowest one are measured with a He-Ne laser operating at 633 nm as the pumping beam. The spectrum plotted at the bottom of the figure is for the sample with y = 0.020 measured using a He-Cd laser operating at 325 nm. In the PR spectra measured with a He-Ne laser, additional features ͑indicated by arrows͒ appear at energies lower than the band-gap energy of GaAs ͑about 1.42 eV͒ for N composition y 0. No signal is observed in the spectrum measured with a He-Cd laser at energies around 1.42 eV and lower, implying that the He-Cd laser is unable to penetrate to the interface between InGaPN and GaAs. 16 Therefore, the features observed in the He-Ne pumped spectra at energies lower than the band-gap energy of GaAs can be attributed to the transitions between the confined levels in the 2DEG at the interface between InGaPN and GaAs. Some of these features are relatively weak due to variation in the sample quality. As is well known, in the sample In 0.54 Ga 0.46 P 1−y N y / GaAs where N concentration y = 0, the band alignment is type I, as shown in Fig. 3͑a͒ . No 2DEG exists in the conduction band and the only feature at 1.42 eV in the PR spectrum corresponds to the GaAs bandgap transition. The incorporation of N dramatically reduces the band-gap energy in In 0.54 Ga 0.46 P; most of the reduction results from lowering the conduction band. As y ജ 0.005, the band alignment switches from type I to type II; a triangular potential well is formed in the conduction band at the interface of heterostructures, as shown in Fig. 3͑b͒ ; 2DEG is formed in the conduction band. The larger N concentration implies a deeper triangular potential well and more confined levels in the 2DEG. Only one 2DEG transition is observed in the sample with y = 0.005, while two and four 2DEG transitions are observed in samples with y = 0.010 and 0.020, respectively. All 2DEG transition peaks are well fitted to
III. RESULTS AND DISCUSSION
where p represents the number of spectral features to be fitted; E is the photon energy and A j , j , E cj , and ⌫ j are the amplitude, phase, transition energy, and broadening parameter of the jth feature, respectively. The parameter m j depends on the dimension of the critical point. Here, we use the first derivative of a Lorentzian function, where m j = 2 corresponds to a one-dimensional critical point. The energies corresponding to each 2DEG transition are indicated by the arrows in Fig. 2 and included in Table I . Although the intensity of PL emission is largely suppressed by the increasing number of nonradiative centers as the concentration of incorporated N increases, the absence of the GaAs QW PL emission reported by Hong et al. is associated with a type II band alignment in In 0.54 Ga 0.46 P 1−y N y / GaAs as y ജ 0.012. The very weak PL signal observed in the sample with y = 0.005 by Hong et al. may be due to the fact that the band offset is extremely small ͑Ϸ6 meV͒ such that the band alignment lies in between type I and type II.
In Fig. 2 , the features above 1.42 eV are the FranzKeldysh oscillations ͑FKOs͒ associated with the electric field at the interface between the GaAs buffer layer and InGaPN. The GaAs band-gap transitions in the PR spectra of some samples are not very pronounced because of inconsistency in the sample quality and the coupling among different features of the PR spectra. The band-gap energy and the built-in electric field F can be accurately obtained from the FKOs. 18 The extreme of FKO occurs when
with F n =−͓3͑n +1/2͒ /2͔ 2/3 , where n and E n are the index and photon energy of the nth extreme, respectively. ប⍀ is the electro-optic parameter, given by ͑ប⍀͒ 3 = e 2 ប 2 F 2 /8, where is the reduced interband effective mass of the electron and heavy hole pair in GaAs in the direction of the electric field F. Figure 4 plots the FKO extreme E n against F n for all samples. The straight lines in Fig. 4 represent least-squares fit to Eq. ͑2͒. The energy gap E g and the slope ប⍀ can be obtained from the fitting parameters. Thus, F can be deduced from the ប⍀. Table I lists the band-gap energies of GaAs and the electric fields F at the interface for all samples with various N contents. Figure 5 shows the XRCs of In 0.54 Ga 0.46 P 1−y N y / GaAs heterostructures with y = 0, 0.005, 0.010, and 0.020. The XRC of In 0.54 Ga 0.46 P shows 8.20 ϫ 10 −3 mismatch to the GaAs substrate. With N incorporation, the peak of InGaPN moves toward the peak of GaAs, indicating that the mismatch between the epilayer and GaAs substrate has decreased. The lattice mismatches of the four samples are also listed in Table I . The electric field declines rapidly from 25.9 kV/ cm as soon as the N is incorporated and then declines linearly from 17.8 to 14.1 kV/ cm as the N content is raised from 0.5% to 2.0%. In contrast, as y increases from 0 to 0.005, the lattice mismatch decreases gradually, and as y increases from 0.005 to 0.020, the lattice mismatch declines rapidly and linearly. Accordingly, the electric field is more strongly correlated with the concentration of N than with the lattice mismatch. The mechanism that governs the relationship among the N concentration, the lattice mismatch, and the interface electric field is an interesting subject of study, which will be investigated by the authors' group soon.
For the InGaPN / GaAs samples, the lattice constants of the strained InGaPN epilayers, normal ͑a Ќ ͒ and parallel ͑a ʈ ͒ to the GaAs substrate surface, deviate from the strain-free lattice constant ͑a 0 ͒. When the epilayer is coherently strained on a ͑001͒ GaAs substrate, the constant a ʈ is equal to that of the substrate ͑a s = 5.6533 Å͒, and the constant a 0 is related to a Ќ by the equation
where C 11 and C 12 are the elastic constants for the epilayer.
Since the elastic constants of InGaPN are not available, they are derived from the elastic constants of InP, GaP, 20 cubic GaN ͑c-GaN͒, and cubic InN ͑c-InN͒ ͑Ref. 21͒ ͑listed in Table II͒ using linear interpolation. 22 In Eq. ͑3͒, ͑a 0 − a s ͒ / a s is defined as an in-plane biaxial strain component Ќ , and ͑a Ќ − a s ͒ / a s is the lattice mismatch which has been directly evaluated from the XRC. Table III includes the strain components Ќ for all samples with various N contents. Figure 6 depicts the lattice constants of InGaPN samples determined by XRC measurements using Eq. ͑3͒ and derived by linear interpolation from the lattice constants a of the four binary compounds shown in Table II . 20, 21 For N concentration y = 0, the lattice constants obtained from the two methods ͑XRC and linear interpolation͒ have a good agreement, which means that the In 0.54 Ga 0.46 P epilayer was grown coherently on the GaAs substrate. The lattice mismatch between InGaPN and GaAs declines markedly as N concentration increases, demonstrating that all of the samples present coherent strain. A comparison of lattice constants a 0 ͑y͒ of In 0.54 Ga 0.46 P 1−y N y estimated by Vegard's law ͑linear interpolation͒ and by XRC shows that the former becomes inaccurate at higher N concentrations. The distribution of the XRC derived points fits the following formula: IG. 6. The lattice constants of In 0.54 Ga 0.46 P 1−y N y samples determined from XRCs ͑solid triangles͒ and derived from the lattice constants of InP, GaP, c-CaN, and c-InN using linear interpolation ͑open triangles͒ are shown. The solid line is a fit using a bowing parameter.
noted as E 1 ͑heavy-hole-like level͒, E 2 ͑light-hole-like level͒, and E 3 , respectively, under compressive strain along the ͓001͔ direction. E c is the conduction-band minimum. Three features, E c1 , E c2 , and E c3 , of the PR spectra corresponding to E 1 , E 2 , and E 3 to E c transition energies are obtained by fitting the PR spectra to Eq. ͑1͒ with m j = 2.5 corresponding to a three-dimensional critical point. Because the VBS ͑E 1 − E 2 or E c2 − E c1 ͒ is less well resolved at 293 K due to the broadening effect on the spectral line of alloy scattering with N incorporation, the PR spectra are also measured at low temperatures to improve the definition of the VBS. The three transition energies of InGaPN at 293 K are indicated by arrows in Fig. 7 and listed in Table III 24 The strain-induced crystal field splitting is given by 24 
⌬ 001
S ͑ Ќ ͒ = 3b
The energy levels E 1 , E 2 , and E 3 for various order parameters and strain components Ќ can be obtained by diagonalizing the matrix 24 H v = 1 3 Fig. 8 and show a gradual decrease with the increase of N incorporation. Figure  8 also shows a significant discrepancy between the VBSs derived from the XRC and the PR spectra. This discrepancy can be attributed to the contribution of atomic-ordering effects in InGaPN, which is neglected in the calculation from the XRC results. The ordering phenomenon in InGaPN has been reported by Su et al. 13 and also in our previous letter using Raman measurements. 12 Finally, the order parameter of InGaPN can be derived from the strain-and ordering-induced VBSs determined from the PR spectra ͑triangles in Fig. 8͒ 12 This may be attributed to the nonlinear effect of the shear deformation potential b, as observed in GaAsN. 25 Besides, the band-gap reduction could be caused by the strain, ordering, and N incorporation. 21, 24 It is difficult to distinguish between these potential causes at this stage. Further clarifying investigations on the band-gap reduction of InGaPN according to the band anticrossing model are continued. 6, 21 
IV. CONCLUSIONS
The transition energies associated with the energy levels in 2DEG at various N concentrations, which are unobservable in the PL spectrum, are determined from the PR spectra at 293 K. Redshifts of the PR and PL peaks indicate that N incorporation drastically reduces the band-gap energy of InGaP. When the content of incorporated N is ജ0.005, the band alignment of In 0.54 Ga 0.46 P 1−y N y / GaAs is found to switch from type I to type II, due to the lowering of the conduction band. In addition, the strain and ordering effects in InGaPN / GaAs are characterized by high-resolution XRC and temperature-dependent PR spectra. The valence-band and spin-orbit splittings are obtained from the PR spectra. As N concentration increases, the compressive strain between the epilayer and GaAs substrate decreases while the VBS obtained from the PR spectra increases, which implies an additional ordering effect in InGaPN. The order parameter is derived from the strain-and ordering-induced VBS and ranges from 0.256 to 0.498 with increasing N. The variation of indicates that the InGaPN epilayer becomes more ordered as more N is incorporated. 
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